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Abstract

Tiltretor aircraft are being developed for a
variety of military and civil operations. Although
a tiltrotor aircraft will often make use of verti-
cal takeoff, the short takeoff s of impertance for
some applications under specific <¢onditions, such
as high gross weights or unfavorable ambient
conditions. Whereas the vertical takeoff is well
understood due to its similarity to the vertical
takeoff of conventional helicopters, there
fack of {nformation about how to perform the best
short takeoff procedure. The short takeoff perfor-
mance and the short takeoff distance depend on many
variables, Few, studies have investigated
the calculation or the optimization of the short
takeoff for tiltroter aircraft. Most often, the
estimaticn of short takeoff performance has been
based on the experience gained from X¥-15 tiltrotor
dircraft flight tests. These flight tests, however,
utilized only a fixed nacelle tilt angle and a
fixed wing flap deflection,

is a

if any,

Considerable research in the Federal Republic of
Germany (FRG), specifically at the Technical
University of Braunschweig, has been ongoing for
the past five years to investigate optimization
methods for airplane and helicopter takeoff and
landing. This research has been sponsored as part
of a broad program by the FRG government to address
“Sicherfieit im Luftverkenr" (Safety in Flight)
issues. This research utilizes simulation models
validated with flight test data and coupled with
numerical optimization methods. As part of a
collaboration effort between the Technical Univer-
sity of Braunschweig and the Georgia Institute of
Technology, these methods have been extended to
investigate short takeoff optimization for <the
X¥-15 tiltrotor aircraft.

The main objective of this effort was to provide
more information about the short takeoff capability
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of c¢ivil tiltrotor aircraft. This information is
helpful for the design of new tiltrotor aircraft,
the development and construction of new vertiports,
and the specification of One-Engine-incperative
{(OEl) requirements. In addition, the FAA could use
additional short takeoff data to review the new
criteria for civil tiltrotor aircraft. Since the
short takeoff depends on many variables, such as
gress weight, ambient conditions, power available,
flap setting, nacelle tilt, and maneuver strategy,
takeoff related performance is analyzed by varying
gifferent parameters. The takeoff distance ig
minimized using the optimization methods developed
at the Technical University of Braunschweig, The
takeoff simulation is carried out using the Generic
Tilt Rotor Simulation (GTRS). The XV-15 geometric
and aerodynamic dataz sets are used. Because GTRS
has never been consistently correlated with XV-{§

‘flight test data for the low-speed flignt region

0GE ang IGE, which is relevant for the short
takeoff, the aerodynamic modeling for horizonta]
speeds less than 60 knots must be proven, Therefo-
re, a further objective of this effort was to
develop & more reliable simulation model.

The resuits of this investigation will be presented
as well as the recommended cthanges to the G6TRS
model necessary for short takeoff optimization for
tiltrotor aircraft.

Notation
8 Tip Loss Factor
[ Constant
Cy brag Ceefficient
Cp Power Coefficient
= Thrust Coefficient
Cy Weight Coefficient
] Rotor Diameter
DL Download
F Cost Function
FB Brake Force



FN1, FN2 Nose, and Main Gear Vertical (Normal)Force

G,GW Gross Weight

GECOMI Ground Effect Censtant
GECON2 Ground Effect Constant
GEWASH Ground Effect Washout Factor

H Rotor Height above Ground

H1 Tekeoff Decision Height
Moment of Inertia, Y-Axis

N;Z'NNG Normal Force of Main and Ngose Gear in
Ground Axis System

m Aircraft Mass

M, Pitch Mements of Aircraft Subsystems

MG Landing Gear Homent

PREQ Power Required

q Pitch Rate

QREQ Torque Required

R Rotor Radius

t Simylation Time

Ui Optimization Parameter

¥ True Alrspeed

Vi Takeoff Decisicn Speed

¥2 Takeoff Safety Speed

VEF Speed at Engine Failure

YLOF Lift-of f Speed

YROT Rotation Speed

u Longitudinal Velocity

v Lateral Velocity

W Vertical Velocity (Rate of Climb/Descent)

Wy Rotor-Induced Velocity

Wiy Rotor-induced Velocity in Hover

X Takeoff Distance

XB Brake Force

xl’zi Forces of Aircraft Subsystems

XCoL Celiective Control Input

XG Landing Gear X-Forces

XLN tongitudinal Contral Input

ZG Landing Gear I-Force

o4 Angle of Attack

ﬁi Profile Drag Coefficients of Rotor Blades

K Non-Bimensional Climb Speed

3 Non-Dimensicnal Axial Flow

L Non-Dimensicnal Forward Speed

By Brake Force Coefficient

Hp Rolling Friction Coefficient

Q Rotor Speed

o Euler Pitch Angle

AETL All Engines Operating

Cop Critical Decision Point

CTR Civil Tilt Rotor

EUROFAR  Eurcpean Future Advanced Rotorcraft

FAA Federal Aviation Administration

SARTEUR  Group for Aeronauticai Research and
Technelogy in Europe

GTRS Generic Tilt Rotor Simulation

{GE In Ground Effect

HASA Naticnal Aeronautics and Space
Administration

0E] One Engine Ingperative

0GE Qut Ground Effect

POP Power Deficiency Parameter

SCAS Stability and Control Augmentation System

S.0. Standard Day

S.L. Sea Level

STl Systems Technology Incorporaticn

YMS Yertical Moticn Simuiator

1. Introduction

The concept of the tilt rotor aircraft has been an
on-going research effort in the United States since
the early 1930's, when the first tilt rotor patents
were filed, Ref.1. One major Step in the evolution
of the tilt rotor aircraft was the development and
construction of the XV-15 research aircraft in the
1970%s by Bell under a NASA-Army contact, Ref. 2.
The first flight took place on May 3, 1877. Exten-
sive ground and flight testing of this aircraft,
conducted from 1977 through 1983, are well documen-
ted in Ref. 3. In the late 80's Bell and Bceing

_helicopter companies constructed the V-22 Osprey, a
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military fullscale development program, under
contract to the U.S. Navy.
The V-22 made its first flight in March 1989,

Ref. 4. Civil tilt rotor design studies are under-
way in the United States, Europe, and Japan to meet
the prospective requirements of future commercial
markets, Refs. 5 to 9. In the United States, five
different candidates for & civil tiit rotor (CTR)
aireraft ranging frem an 8-passenger executive to a
75-passenger transport were investigated, Ref. 6.
In Europe, a collaborative study has been conducted
by the Group for Aeronautical Research.and Techno-
legy in Europe (GARTEUR) to access the applicabili-
ty of tilt rotor aircraft and compound helicopters
to civil missions, Ref. 7. The study provided a
justification for launching the first phase of
investigations on the Furopean Future Advanced
Rotorcraft (EUROFAR), a 30-passenger tilt rotor
aircraft. The EUROFAR design is described in more
detail in Ref. 8. Suggestions on how to enabie the
next generation of tiit roter aircraft to achieve
higher forward velocities than today‘s tilt rotar
designs are presented in Ref. 9,



The helicopter industry and NASA have proven
through extensive flight testing that the tilt
rotor concept is feasible from the technical

standpeint, However, the success of a civil tilt
rotor mainly depends on the development of the
required infrastructure, Ref. 30, and the public
acceptance. Although tilt rotor aircraft can land
and operate from existing alrports and heliports,
they also must have thelr own cperating sites in
order t¢ be <truly effective. These vertiports
must include vertical landing spots and should have
a short takeoff area to enable takeoffs at higher
grass weight with more payload. Regarding the
pubiic acceptance, besides the travel costs, the
safety of the tilt rotor aircraft during all
operations is of major importance. Takeoff and
landing are the most critical flight phases. The
takeoff criteria must be carefully determined and
used in sizing a civil tilt rotor configuration to
meet sdafety requirements.

Surveys showed, Ref. 5, that an one engine inopera-
tive (OEI)} nover out of ground effect (OGE} capa-
bility for the vertical takeoff is needed. In the
event of an engine failure during takeoff, the
takeoff can continue at any time, The OEI hover
capability is one important factor i{n determining
engine power requirements. Alternatively, the power
deficiency parameter (POP} could be used as design
criterion, If the POP is grater than zero but small
{no OEl hover capability OGE), vertical takeoff
procedures for conventional helicopters, which are
characterized by the c¢ritical decisions point
{COP), must be applied to the civil tilt rotor
aircraft. In this case, a certain takeoff area is
required either to continue takeoff and clear
a 35-ft obstacle or to reject takeoff and land
safely. For a high POP (high gross weight) where
even the hover flight in ground effect {IGE) can
not De carried cut, the short takeoff procedure
must be applied. Currently, the estimation of short
takeoff performance is based on the experience
gained from XV-i5 flight tests, Ref. 3 and 11,

2. Short Takeoff Procedure

According to the Interim Airworthiness Criteria for
Powered-Lift Category Alrcraft, Ref. 12, the
takeoff distance is defined as a greater distance
of either: the horizonts] distance taken to attain
and remain at least 35 ft above the takeoff surface
with 2 speed of at least V2 and a positve rate of

climb when the critical engine fails at VEF, or:
1,16 times the norizontal distance along the
takeoff path without engine faflure. This path is
measured from the starting point of the takeoff to
the point at which the ajrcraft attains and remalins
at least 35 ft above the takeoff surface. Figure 1
shows the shert takeoff procedure for a tilt rotor

aircraft.
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Figure 1 Short Takeoff Flight Path

YEF is the speed at which the critical engine
failure occurs, and V2 is the takeoff safety speed
at which a safe climb is assured. For any given set
of conditlons (such as weignt, configuration,
ambient conditions and wind), a single takeoff
decision point and a single value of V2 must be
used. The takeoff decision point Is the point
where, in the case of a single englne failure at
YEF, the aircraft can be either stopped safely on
the takeoff area (rejected takesff} or continued.
The takeoff decision point must be established as a
single parameter such as speed, Y1, or a combina-
tfon of ao more than two sultable parameters,
such as speed, V!, and height, H1.

The rejected takeoff distance is defined as the
distance between the starting point and the point
where the aircraft comes toe a full stop. The
rejected takeoff distance must be established with
and without engine failure. & time delay of 2 sec
after reaching V1 has to be accounted for, before
the pilot applies means of rejecting the takeoff.
The lif;«off speed YLOF is determined mainiy by the
requirement for the QEI climb performance, which
requires a steady gradient of climb not less than
the greater of 1.7 % or 150 ft/min at VLOF far
two-engine aircraft. The ground effect can be taken
into account. With the landing gear retracted, the
steady gradient of c¢limb 0GE must not  be less
than the grester of 2.4 % or 200 ft/min at V2 for
two-engine aircraft. All flight reference speeds,
such s VLOF, V1, and V2 depend on gross weight,
ambient conditions, and engine power available.



Short takecff flight testing with the XV-15 was
performed by NASA Ames in 1982, Ref. 11, for a
gross weignt of 5000 lbs. Takeoffs were made with
20 deg nacelle tilt angie, 40 deg wing flap deflec-
tion, 98 % RPM, and approximately 80000 in-lbs mast
torque per rotor. The value for the mast torque
represents single engine contingency power based on
transmission limitations so that the resultis
presented in Figure 2 demonstrate the OEl perfor-
mance of the XY-15. Takeoffs were made at lift-off
speeds from 25 to 55 kts. The pilot's takeoff
technigue was as follows: set longitudinal cyclic
trim at 50 %; set nacelles at 20 deg; increase
power to 45000 - 50000 in-lbs mast torque;
brakes; pull power smartiy to desired value
(80000 in 1Ibs); rotate the aircraft and adjust
pitch attitude in order to hold desired airspeed
through 50 ft radar altitude. The stability and
contrel augmentation system {SCAS) including rate
feedback but without attitude hold mode was used.
Figure 2 shows the final results from Ref. 11.

release
in

de of 10 %/sec. The maximal pitch attitude during
the takeoff is in all cases {(not shown here) about
20 deg or less. The rotation phase begins where the
longitudinal control input changes and the pitch
angle increases. At the same time the nose gear
becomes free, About 2 sec more are required until
the main gear is free and the alrcraft {s alrborne.
The roll distance toc the polnt where the ptiot
initiates the rotaticon ls about 120 ft. The aire
speed at this time s somewhere between 20 and 30
kts. The additjonal distance untll the aircraft is
alrborne {s about 110 ft. Although the pilot was
asked to hold the desired airspeed, in most cases,
the airspeed s decreasing slightly after reaching
a maximum value (also see pitch angle). Note that
the torque increases above the value of 80000
in-1bs per rotor. Experience from these flight
tests was used to set up the takeoff procedure
for the fiight manual of the X¥-15, Ref. 17. The
flight manual recommends a nacelle tilt angle
between 0 and 20 deg and a flap position of 40 deq.
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Figure 2 Takeoff Distance from XV-15 Flight Tests !E + e
The figure presents the ground roll distance and
the total takeoff distance to clear the 50 ft ¢
altitude versus lift-off speed. In addition, the =
distance to clear 35 ft aititude is shown. As one §
would expect, the takeoff distance increases wWith *
higher lift-off speeds. This increase is mainly due
to an increasing ground roll distance, i.e. the gi
&
distance from the starting point to the peint where §§
the aircraft {s airborne. The distance required to ¢
¢limb to 50 ft attitude increases only slightly, .
¥ .
_ e ¥ = A
Figure 3 shows the time histories. The takeoff at a 53 oy B R ik Sl S
X . iy o 4 A (o Gt i
lift-off speed of 30 kts is chosen from Ref. 11, T ] s

The control speed for the collective control input
reaches an average value of 5 %/sec. The values for
the longitudinal cylic input are of the magnitu-

Figure 3 XV-15 Takeoff from Flight Tests

[\
I,..)



The flight test results can be used for qualitative
comparison. Ffor a quantitative comparison with
simulation resuits, the conrol input histories
would be needed in digital form to use as input
data for the takeoff simuiation. In addition, the
takeoff flight tests were performed under wind
conditions with winds between 5 and 9 kts, but the
wind velocities were not recorded. Since wind
velocities of this magnitude influence the takeoff
distance, takeoff flight testing in general should
be carried out under zero wind conditions or winds
less than 1 k&, if no wind recording is available.
However, some information for the simulation task
can be extracted frem the flignt test results.

For the simulation, the SCAS including the attitude
mode is used to stabilize the aircraft In the
phugoid mode. As mentioned above, the attitude hold
mode of the SCAS was not used during the flight
tests. Therefore, the longitudinal control inputs
required for the simulation will be dlfferent from
the control inputs shown in Figure 3.

During the rolling phase the lengitudinal control
input is set to 50 %. The collective control is
increased with a steady gradient of 5 %/sec until
the maximum torgue of 85000 in-lbs per rotor is
reached, After this, the collective is kept con-
stant. A maximum torque of 85000 in-lbs instead of
80000 in-lbs was chosen, since the average flight
test value was of this magnitude. The [nitl{al value
for the collective at the time t=0 sec is chasen in
such & way that the alrcraft does not start to roll
{tne maximum brake force is used).

The flap position and the nacelle tilt angle are
set in the beginning and are not changed during the
takeoff, A variable control of the flap position
and the nacelle tilt angle could be of advantage

for an optimal takeoff decreasing the takeoff
distance, but would considerably increase the pilot
workload, The longitudinal input is variable in
crder to control the takeoff flight path.

3. Simulation and Optimization Model
Generic Tilt Rotor Simuiation
The simulation medel used in this study is the

Generic Tilt Rotor Simulation (GTRS), Refs., 15 and
16. The original version was developed by Bell for

.gatns and coefficients

the X¥-15 research aircraft. A generic real-time
version of this mode! for use on the vertical
motion simulator (WMS) at NASA Ames was developed
by Systems Technology Inc. (STI). The first release
of this development was completed in 1983. A
version of the simutation code including input data
sets for the XV-15 were provided to the School of
Aerospace Engineering, Georgia Insitute of Techno-
iogy, where the model was implemented on a VAX
11/750. A complete description of the mathematical
model c¢an be found in Ref. 16. Here, only some
features related to the takeoff simulation will
be addressed. Validation of the GTRS through the
use of XV-15 flight and wind tunnel tests was
accomplished and documented by STI, Ref. 18,

The GTRS model Is a well structured code written in
FORTRAN. The scurce code includes the main program
and more than 60 subroutines, containing the
mathematical model for the different aircraft
components, such as the two rotors, the fuselage,
the wing, the horizontal and vertical stabilizers,
the landing gear, the twe engines and the drive
system, the rotor collective governor, and the
SCAS. In addition to the main {nput data, 304 input
data tables are used to provide information, such
a5 the aercdynamic coefficients for the different
aircraft compenents, the interactional aerodynamics
between rotor/wing/fuselage/stabilizers/ground, the
for the contrel system,
etc,. The aercdynamic data in these tables are
derived mainly from wind tunnel tests. The controi
input histories, which are necessary to "fly* the
simulation model are part of the main input dats
deck. Different kinds of control histories, such as
step and sines/cosines functions, can be chasen.

The mathematical mode! of the rotor is based on the
theury in Refs. 19 and 20 except that it [s derived
In the mast-axis system and contains provisions for
prop-rotor characterics such as nonlinear twist,
flapping restralnt, and pitch-flap coupling. Rotor
Flapping forces and moments are calculated in the
"wind-mast” axis system and are transformed into
the mast-axis system, The rotor-induced velocity is
computed by calculating the induced velocity of an
Isolated rotor 0GE, and then modified to account
for the side-by-side rotor effect, the tandem rotor
effect in sideward flignt, and the ground effect.
The value of the fsolated rotor-induced velocity
0GE is approximated using a modified expression
from Ref. 21. Thig expresion contains a correction
¢f the momentum theory equation to avoid the
singularity in the vortex ring region., The major



assumptions made with regard to the induced veloci~-
ty is that it is uniform over the rotor disc.

First trim resuits with GTRS for hover and forward
£light 0GE shcwed that calculated pawer required in
the low speed region increased above hover power
required before decreasing with forward speed.
Since this result was different from typical power
required curves known from conventional helicopters
and could not be explained by secondary effects,
e.g. download changes with forward speed, an error
in the induced velocity equation was suspected.
Evaluation of the equation in the code and compari-
sons with the original equation from Ref. 21 led to
the following equation for the rotor-induced
velocity:

(3.1}
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The correction changed the power required curve in
the low speed region dramatically, thus additionai
changes to GTRS input data were required. After
informing STI and Bell the profile drag coeffl-
cients for the rotor blades and the wing-pylon drag
coefficients were modified to adjust power required

and download to flight test results. The new

profile drag coefficients are:

50=0313 81=~0J00 §,=0.58 new values
{0.015) {-0.068) {0.81) old valuas

These coefficients are used in the profile drag
equdation, along with the angle of attack:

2

cD=60+8laR+82aR (3.2)

The wing-pylen drag coefficients have been correc-
ted for angles of attack in the reglon of -%0 deq.
The correction was necessary to match the download
from flight tests in the order of 13.7 % for a flap

%]
F2

position of 40 deg. This value was taken from Ref.
3, Vol. 2. The download of the original &TRS was
$2.7 4. The new drag coefficients are shown das a
function of the angle of attack for different flap
settings in Figure 4.
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Figure 4 Wing-Pylon Drag Coefflcients versus
Wing Angle of Attack

The reduction in the {nduced velocity caused by
ground effect is calculated using an exponential
expression. This expressicn is derived from Ref.
22, which gives an empirical relation for the
ground effect in hover flight. It has been shown in
fef. 18 that aithough this relation was derived
.from filight tests of conventional helicopters, it
can be adjusted to the XV-15 flight test resultis
IGE. At forward speeds of about 30 kts the ground
effect {s washed out. The influence of forward
speed on the induced velocity IGE is described by
an exponential function:

(3.3)

A [1+(G=1eW¥]

Wi.16E = Vi, 008

H
wilh: G = 1 - GECON chEOON(ZR]

W = GEWASHA/ (u? + v3)

The factor GEWASH in this equation was changed from
-0.08 to -0.04, since it was found that the increa-
se of power required for speeds between @ and 30
kts was too strong. Flight tests with the
hellcopter 80 105, Ref. 23, have shown that power
required increases only slightiy over hover power
required [GE with forward speed.

and

The GTRS version delivered to Georgia Tech did not
{nclude a model for the dynamics of the landing



gear. It consisted only of the calculation of
tanding gear drag and landing gear pod drag based
on wind tunnel measurements. Because existing
landing gear models for the XV-15 used in the
real-time simuiation at NASA Ames showed landing
gear modelling instabilities and no other landing
gear model was available, a simple rigid landing
gear was developed and added to GTRS.

The new landing gear model takes into account the
gear normal forces, the gear drag forces due to
friction, the brake force, and the resulting
pitching moment of the nose and the majn gear.
Since in this study no asymmetrical trim states or
maneuvers are considered (zero wind condition), the
side forces as well as gear and roll moments are
not in¢cluded. The stiffness of the landing gear is
assumed to be infinite, thus the gear normal forces
can be calcuiated directly, instead of first
calculating the stroke rates in case of a dynamic
landing gear. The majer assumption §s that the
tanding gear olec strokes for the rolling takeoff
are small and have a negligible effect on pitch
angle changes and thus changes of angle of attack
during the rolling phase. Estimation of the pitch
angle for a flexible landing gear model showed
values less than ! deg. The pith angle during the
rolling phase is assumed to be constant and equal
to 0 deg. Details of the landing gear model can be
found in Ref. 24.

Two differant SCAS models were developed, one by
Bell and one by NASA. However, cnly the NASA-deve-
loped SCAS is available for use in the GTRS-ver-
sion, Besides the SCAS modei, the rotor <ollective
governor, the engines, the fuel control, and the
drive system dynamics {s modeled. In this study,
the engine turbine NII governor Is used as an
overspeed governor. The governor will act, if 104 %
RPM are exceeded. As a result, the rotor speed
increases slightiy for increasing collective
control input. The overspeed is less than 2 % for
ail simylated takeoffs, because the rcotor collecti-
ve governor reduces collective pitch, if rotor
speed ingreases.

Takeoff maneuvers are considered as relative "slow"
maneuvers within the lower frequency range. There-
fore, a simulation step size of 0.1 sec instead of
the 0.01 se¢c can be used in order toc reduce compu-
tation time. Comparative simulations have shown a
negligible computational error.

Optimization Method

For the optimization problem in this study a
numericzl method is applied, which is available as
a2 FORTRAN subroutine called EXTREM, Ref. 13, The
code EXTREM can be used for the determination of a
local optimum of a multi-variabie cost function
without knowledge of 1ts analytical derivations.
The optimai parameters, leading to an optimal
function vajue (minimum or maximum), are calculated
by means of systematical variatlon of the parame-
ters and the search direction. Constraints of all
kinds can be taken into account. As an example,
Figure 5 shows the proceeding of EXTREM for a
three-dimensional problem, i.e., a cost function
that only depends on twa parameters Ui, and U2.

l.mean direction

Uy

T.mean
5 direction

Figure 5 Principle Optimization Methed of EXTREM

Based on the injtial values for U1, and U2, the
cost function F is calculated in points | {estima-
ted value), 2, and 3 (each being & search step of
the first main search direction). A parabolic
extrapelation yields point 4. This point is the
optimum of a parabola through points 1 te 3. By
means of a Gram-Schmidt orthogonalizatien, the
first secondary search direction and the extreme
value 7 are determined. The second main search
direction always results cannecting the
optimum of the last and the next to the last
secondary search direction. Accordingly, the third
main search direction would result from points 7
and 13. For the three-dimensional example with two
parameters, the optimization strategy is represen-
tabie. With an increasing number of cptimization
parameters, the computation time increases. Basi-
caily, the number of parameters should be only as
high as the optimizaticon problem requires. A number
too low may restrict the possible solutions of a
problem.

from

Hormally,
several

complex multi-dimensicnal functions have
local optima. The search for the global
optimum can be improved by predetermining different



combinations of astimated initial values. This task
can be taken on by the program GLOBEX, Ref. 14,
which determines initial values for the optimiza-
tion parameters by means of normaily distributed
Figure 6 shows the simplified

optimization structure.

random numbers.

Estimated Vaolves

Ut

GLOBEX
Random
Gensralor

globat/
{ocai

EXTREM
8]}

search

GYR
Simulation

Boundary
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FlU Uyt ]
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F,g4(#.g. takeaif distance)

Figure 6 Optimization Structure including
the GTRS model

The precondition for optimization with EXTREM is
tha knowledge of initlal values for the optimiza-
tion parameters, which do not violate the given
constraints. The search for permitted {nitial
values can be taken on by GLOBEX as well, before
three overriding optimization segments are initia-
ted. Each optimization segment is subdivided {nato
several subsegments, which in turn consist of
several optimization steps. Each optimization step
comprises the caiculation of the cost function,
i.e., & complete takeoff simulation. Interruption
‘of the optimization {5 possible on the basis of
different criteria, as there are a minimum change
of the optimai c¢ost function value, a minimum
change in the optimization parameter, or simply the
number of cptimization segments.

For the short takeoff requiring a minimum takeoff
distance, the maximum power available should be
used. Also, the increase in power per unit time
should be as high as possible. Therefore, the
collective control input is given and does not vary
during the optimization. The only variable control
input during the takeoff simulation, which can be

changed by the optimization algorithm, is the
tongitudinal control, i.e, the longltudinal stick
position. The longitudinal stick position s
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coupled with the longitudinal cyclic input to the
rotors and with the elevator deflection, Both c¢an
not be varied independently. Fiqure 7 shows a
typical time history for the longitudinal control.

Figure 7 Longitudinal Stick Position versus Time

There are only five optimization parameters Ut,..us
to represent the longitudinal contrel. It was
decided to use this simple contrel function fn
order to keep the number of parameters as low as
possible., In addition to these parameters, the
switching time, at which the rotation is initiated,
is variable. The forward speed is chosen 2s the
criterion ta start the rotation. If a certain
forward speed is reached, the longitudinal control
changes from the 50 % pesition to the desired value

ut.,

“in some optimization runs, the wing flap deflection

and the nacelie tilt angle are optimization parame-
ters., Slnce these parameters are constant during
the takeoff, the optimization task can be solved in
two steps. in the first step, optimization runs are
performed, in which flap deflection and tilt angle
are given, and the optimal longitudinal control
input {s found for one flap/tilt configuration.
After finding the optimum takeoff feor selected
configurations, further optimization are
started based on the first results. The main reason
for this progedure is that the second step requires
considerably more computation time because of
additional optimization parameters, and because a
trim calculation has to be carried out before each
simulation. (As will be shown in Figures 21 to 23,
the ground trim depends mainly on the nacelle tilt
angle). In contrast, the first step needs fust one
trim calculation before the optimization starts,
since all following takeoff simulations begin with
the same trim conditions. This way, computation
time has been reduced. The longitudinal control
fnput is Iimited by the minimum &nd Maximum stick
position varying from 0 to 100 %. For the wing flap
deflection there are four positions available in

runs



the XY-15: these are 0, 20, 40, and 75 deg. Flap
positions of 40 and 75 deg are the most interesting
ones. The nacelle tilt angle is limited to values
hatween -5 and 30 deg. A oinimum value of 10 deg
has been investigated. A nacelle tilt higher than
30 deg can not be used for geometric reasons. The
rotors would have ground contact for smail roil
angles. Further constraints result from aerodynamic
limitations, as there are, rotor endurance iimit,
and wing stall. The last consiraint is imposed by a
requirement related to the passenger comfort,
vertical accelerations nhigher than 1.15 g are not
allowed. [f one of these limits is reached during
the takeoff simulation, the takeoff is terminated,
and the next takecff with new optimization parame-
ters is initiated.

comprised mainly of the
takeoff distance, The optimization task {s the
minimization of the takeoff distance. The takeoff
distance is the distance from the starting peint to
the point where the aircraft clears a 35 f{ obsta-
cle. To prevent exaotic takeoff wmaneuvers, e.qg.
strong and continuous pull up maneuvers to gain
height in favor of speed, certain horizontal and
vertical speeds have to be reached. These final
speeds can either be given before the optimization,
or can be selected during the optimization. If the
speed 1s selected during the optimization, the
horizontal and vertical speeds are averaged over
the time needed to climb from the 35 ft height to a
height of 100 ft. The cost functicn contains the
quadratic error between the actual speed and either
the average speed or the given speed integrated
over a time interval,

The cost function is

4. Simulation Results

Takeoff distance depends mainly on power required
and power available. Therefore, a reliable caicula-
tion of power required and power available is
important for takeoff simulatjons. The present
study is more concerned with the 2erodynamic
mddelling of the alrcraft and the calculation of
power required, whereas the available power s
assumed to be calculated accurately by the given
engine model. Since the takeoff s performed inside
the low speed flight reglme, the discussion of
power required curves is limited to hover: flight
and forward speeds up to 70 kts. The minimum power
reguired i3 at speeds of about 60 ktg,

Stationary Flight

Power required in hover flight depends on gross
weight, ambient conditions, and ground effect as
well as on the wing flap position and the nacelle
tilt angle. Figure 8 shows the hover power required
versus gross weight,
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Figure 8 Hover Power Reguired versus Gross Weight

The data presented in this diagram are calculated
for sea ievel (S.L.) and standard day {S.D.)
conditions, These ambient conditions are used for
ail of the following performance and optimization
-results. The flap position and the nacelle tilt
angle are 0 deg. The design gross weight for the
V=15 is 13000 Ibs. According to Figure 8, the
XV-15 theoreticaliy has the capability te hever at
& gross weight of 16000 1bs under the g¢given stan-
dard ambient conditions, However, the maximum ¢ross
weight, which can be reached with maximum fuel, is
about 15000 ibs. The engine power available with
beth engines operating is 3100 shp. MNote that at
the maximum gross weight, the XV-15 is not capabie
of hovering with oniy one engine operating.

Since the wing of the XV-15 is strongly influenced
by the rotor wakes which cause a negative wing lift
and thus virtually increases the gross welght in
haover, the wing's flap position has a significant
effect on hover power required. The negative wing
lift in percentage of thrust Is called wing down-
load. As can be seen in Figure 9 the download
decreases with increasing flap angle. The wing
download in hover depends on the wing drag coeffi-
clents for angles of attack of about -90 deg.
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Figure !0 shows the influence of the flap position
ort hover power required. The four standard flap
positions are used for the calculations. Af a gross

weight of 15000 1bs, hover opower required is
reduced Dy moere than 200 shp, if the flaps are
deflected by 75 deg.
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Figure 10 Hover Power Required versus Gross
Weight, Tilt=0 deg
Figure 11 presents hover power required versus
gross weight for varying tilt angles, but no flap
defiection.
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Figure 11 Hover Power Required versus Gross

Welght, Flap=0 deg

Although the range of nacelle tilt andles used in
nover fiight is small, between -5 and 10 deg, the
influence of the tilt angle on hover power required
is shown for angles up to 30 deg. Because of the

pitch attitude, tilt angles higher than 10 deg
are normally not used in practice.

Hith increasing nacelle tilt the hover power
required is decreasing due to the change in wing

download. The influence of the nacelle ¢ilt angle
is reduced if the flaps are deflected.

As menticned above, power required is infiuenced by
the ground effect. The ground effect is mainly a
reduction in induced power due to a reduced rotor-
induced velocity. The induced veleocity in the rotor
dis¢ area is reduced with decreasing rotor-ground
distance. Since the wing downleoad depends on the
rotor induced velocity, & secondary effect in
ground effect is a reduction in wing download.

Figure 12 gives the ratio of power coefficient IGE
divided by the power coefficient QGE versus the
non-dimensional rotor height, which is the rotor
height above ground divided by the rotor diameter,
For rotor heights greater than twice the rotor
diameter, the ground effect can be neglected. A
non-dimensional rotor height of H/D=0.52 {s the
lowest possible value for the XV-15. If the air-
craft is on the ground, the rotor height above the
ground is Hs13 ft {no tilt angie).
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Figure 12 Power Coefficient Ratio versus
Nen-Dimensicnal Rotor Height IGE

The ground effect reduces the power required up to
nearly 25 %, which is surprisingly high, since only
a part of the rotor wakes interacts directly with
the ground. Figure 13 shows the results for the
ground effect in dimensicnal form, hover power



required OGE and IGE versus gross weight, for the

minimum rotor height above ground, At & gross
weight of 15000 lbs, the amount of reduction in
power required is more than 600 shp.
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Figure 13 Hover Power Required OGE and IGE versus

Gross Weight

Although the reduction in power required is consi-
derable, the XV-15 at a weight of 18000 1bs does
not have the capability to hover IGE, if one engine
is inoperative,

As described in Section 3, the original GIRS
delivered to Georgia Tech used an erronegus equa-
tien for the <calculation of the rotor-induced
velocity. After correcting the equation and modify-
ing the profile drag coefficients for the rotor, as
well &s the wing-pylon drag coefficients, the power
required in forward flight <changed. Figure 14
presents power required versus forward speed for
the original 2and the modified GTRS. Whereas the
original GTRS mode! indicates a slight increase in
power required for speeds between 0 and 10 kts, the
modified GTRS model shows a decrease in power
required starting from hover flight (V=0 kts). The
small difference in hover power required
plained by a modified download.
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Figure 14 Power Required versus Forward Speed,
Tilt=0 deg, Flap=4C deg

Power required changes In the entire forward flight
regime. The new GTRS model was used for all calcu-
lations.

In forward flight the ground effect changes not
only with rotor height above the ground but also
with forward speed. The ground effect diminishes
rapidly if forward speed increases. Figure 15 shows
power required versus forward speed for forward
flight OGE and IGE. For the rotor height, again the
lowest possible value was chosen., This case is of
interest for the short takeoff simulation, although
the pitch angle in ferward flight is of course
different from the pitch angle during the rolling
phase {pitch angle is 0 deg). The power required
IGE is given for two different washout coeffi-
cients. The washout coefficient was reduced from
-0.08 to -0.04 so that the ground effect diminishes
less rapidly. Since the wing produces anm additional
groung effect this result seems to be more reali-
stic. However, there gqre nejther tilt rotor flight
tests nor windtunnel investigations to confirm the
predicted ground effect.
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Figure 15 Power Required OGE and IGE versus
Forward Speed, Tilt=0 deg

The influence of wing flap defliection and nacelle
tilt angle on power required in forward flight is
shown in Figures 16 and 17. The IGE condition is
chosen. The non-dimensicnal rotor height is 0.52.
The flap deflections are 40 and 75 deg. The til:
angle changes from 0 to 20 deq. Higher nacslle tilt
angles are not fiyable in the speed regime between
10 and 50 kts, since the wing stalls. For low
speeds and & tllt angie greater than 25 deg the
pitch attitude and thus the angle of attack in the
area of the wing not influenced by the rotor wakes
are too high. The high pitch angle is explained by
the fact that in the low speed regime the parasite



small, and the
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drag 1is still relatively rotor
thrust is mainly required to compensate for the
weight. Therefore, the pitch angle s about the
magnitude of the tilt angie.
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Figure 16 Power Required versus Forward Speed,
Flap=40 deg, H/D=0.52
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Figure 17 Power Required versus Forward Speed,
Flap=75 deg, H/D=0.52

Power required is reduced with increasing tilt
angle. Below the forward speed of 40 kts the
decrease in power required per 10 deg tilt angle Is
less than 100 shp. Assuming a maximum contigency
power of 1600 shp per engine, horizontal
flight IGE with QEI is possible &t about 30 te 3%
kts. Horizontal forward flight OGE with OEl |is
possible at speeds of 35 kts and higher.

forward

Ground Trim

Before starting the takeoff simulaticn, the air-
¢raft must be trimmed on the ground. This can be
performed using the wmethods as  described in
Ref. 24, Depending on the longitudinal <¢yellc

224

{50 % in this
the c¢ollective control

pitch study} and the nacelle tilt
input is iterat¥vely
determined so that the maximum brake force (s used.
The collective control inputs required for the
ground trim are in the range of 20 to 40 %. Figures
18 and 19 give the collective and the power requi-

red for varying tilt angles. The flap deflection is

angle,

40 deg. The flap deflection has only a small
influence cn the ground trim.
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Figure 19 Power Required versus Nacelle Tilt

With increasing tilt angle, the coliective control
input must be decreased, mainly because the maximum
brake force is reached. The maximum brake force
depends on the vertical landing gear forces, since
the friction between the wheels and the ground is
the limiting factor. Figure 20 shows the vertical
forces of the nose and the main gear as well as the
maximum brake ferce versus the naceile tilt angle.
The maximum brake force is increasing with increa-
sing tilt angle, because the vertical janding gear
forces are Increasing due to the decreasing verti-
cal component of the rotor thrust.



? 10.0 . The gross weight is varied from 15000 to the ficti-
! g ticus value of {7000 lbs. A comparable accerelation

80 s ”,"” distance can be reached also for lower gross
!,”d weights and more unfavourable ambient conditions.

The acceleration distance increases with speed. The
torque limit is 85000 in-lbs per rotor (equivalent

FORCE LB3]
g

0 to QEl power available of 1600 shp}., The increase
” S S in distance with higher gross welghts is relatively
Trreresnecbenerees RERE small. But one has to keep in mind that with
! increasing weight the lift-off speed increases,
oo bo 3 %g ‘lT[.Tm[gEG} e i.e. higher speeds have to be achieved during the
FLAP=40 (DEG] acceleration,
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Figure 20 Landing Gear Forces versus Nacelle Tilt The engine power available for the O£l cendition is
limited by the torgque. If the torque limit s
TakeoFs reduced, less engine power is available, and the
acceieration distance increases, Figure 22. The
The ground rcll distance, i.e. the distance to torque given in the figure, is the mast torque per
accelerate the aircraft together with the distance rotor.
to rotate the alrcraft is the majer part of the 10000
total takeoff distance, as has been shown in
Figures % and 2. The speed Vi in Flgqure 1 is the 4900
takeoff decision speed. In the case that one engine w000 L
fails before reaching V!, the pilet has to reject f;: L
the takeoff. If cne assumes, that a rejection of % s Y
the takeoff after jnitiating the rotation can not //
be recommended because of safety reasons, the 2000 ,/
decision speed is always less or equal the Speed /
VROT. The horizontal distance versus forward speed o.um—-‘:é';/m ey G;m m -
presented in the following sections are valid for - v
the case, that the nose and the main gear still TE?;ED:EG}WWGEG} — qReq-asooo[m—Lmz‘]
nave ground ¢ontact and no rotation is initiated, 777 QREQ85000 [N-LEs,
Figure 22 Acceleraticn Distance versus Speed,
The acceleratjon distance depends on power required Influence of Torque Limit
(gross weight, ambient conditions), and on power
available. The influence of the gross weight is In Figure 23, the same flap/tilt configuration is
shown in Figure 21 for standard day and sea level chosen. The gross weight is 15000 lbs and {s also
conditions. used for the following results. The longitudinal
central input is 50 %.
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Figure 21 Acceleration Cistance versus Speed, Figure 23 Acceleration Distance versus Speed,
Influence of Gross Weight Ti1t=20 deg
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Figure 23 shows the acceleration distance for
different flap deflections and nacelle tilt angles.
The flap deflection is varied from 20 to 75 deg and
the tilt angle from 10 to 30 deg. The torque per
rotor is 85000 in-ibs.

The influence of the flap angle is small and is
mainly due to higher wing drag coefficient with
increasing flap angle. The nacelle tilt angle has
far more influence. As the tilt angle Ingreases,
the thrust of the rotors is tilted further forward

ang can be used to accelerate the aircraft faster.

The simulation was terminated either when a speed
of 55 kts was reached, or when the nose or the main
gear lose ground contact.

Figures 24 to 26 show the vertical force of the
ncse and landing gear for the corresponding tilt
angles.

In the case of 3 30 deg tilt angle, Figure 23, the
speed of about 65 kts was reached for all flap
angles. The vertical forces at a speed of 65 Kts,
Figure 24, are considerable and the aircraft would

not takeoff without rotation initiated by the
piict.
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Figure 24 VYertical Force of Nose and Main Gear
versys Speed, Tilit=30 deg

This is not the case for tilt angles of 10 and 20
deg, Figures 25 and 26. Especially for a tilt angle
of 10 deg, the main gear vertical force reaches a
zero value before the nose gear vertical
(i.e., the main gear has no ground contact at
speeds of about 33 kts). Therefore, the pilot would
have to rotate the aircraft before reaching this
speed. A rotation over the nose gear has to be
excluded for different e.g.
limitations,

force

reasons, structural
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Figure 26 Vertical Force of Nose and Main Gear
versus Speed, Tilt=10 deg

The longitudinal control setting during the accele-
ration phase, which influences the pitch moment,
has an effect on the vertical gear forces. In the
case of 10 and 20 deg tilt angles, a less forward
longitudinal stick position would be required in
crder to achieve higher speeds, before the main
gear looses ground contact. A minimum speed has to
be obtained, at which a climb capability O0GE for
the given power available is assured.

For a takecff with a nacelle tilt of 10 deg, Figure
23, the critical speeds are of the magnitude of the
minimum speed required to attain at least horizon-
tal flight capability OGE, see also Figures 16 and
17. For a takeoff with a nacelle tilt of 20 deg the
speeds of about 50 kits are sufficiently above the
minimum speed for horizontal flight.

These results will be helpful for the interpreta-
tien of the ¢ptimization resulis.



5. Optimization Results

The optimization resylts are obtained using a given
wing flap deflection ard & given nacelle tiit
angle. The longitudinal contrel input, the rotation
speed, and the flnal speed for the c¢limb phase are
allowed to vary during the optimization. The
optimizer has the task of finding the optimal
longitudinal input and the optimal rotation speed,
which minimizes the takeoff distance. A low rota-
tion speed gives a shert acceleration distance. A
high rotation speed close to the speed for minimum
power required yields more excess power for the
¢limb phase. For all optimization runs the QEI case
is chosen, i.a. the torque per rotor {s 85000
in-1ps. Variations of speed, longitudinal control
input, and height with horizontal distance are
presented in Figure 27 for the optimal takeoff with
a nacelle tilt angle of 10 deg and a wing flap
deflection of 40 deg.
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Figure 27 Optimized Takeoff with Tilt=10 deq,
Flap=40 deg

The rotation is in{tiated at a speed of 33 kts. The
distance to this point s 351 ft, The speed at
lift-of f is 36.5 kts, and the distance for lift-off
{s 463 ft, The takeoff distance to clear the 35 ft
height is 959 ft. The final speed during the climb
is 38 ft. For a nacelle tiit of 10 deg, the range
for potential rotation speeds is small, The minimum
speed required for horizontal flight at the given
OEI power available is about 28 kts, see Figure 16.
The maximum speed ls about 35 kts, because the main
gear loses ground contact before the nose gear
becomes free, Figure 26, The longitudimal control
input of 50 % remains fixed during the rolling
phase. The speed for the climb phase is far below
the speed for best ciimb angle, which is about 55
kts. The speed for best climb angle can be estima-

ted by drawing a tangent from point V=0 Kts,
P=16C0shp to the power required curve, Figure 16.
The tangent point at the power curve yields the

speed for best ¢limb angle.

Figure 28 presents the optimized takeoff for a wing

flap deflection of 75 deg. The tilt angle is the
same as {n Figure 27.
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Figure 28 Optimized Takeoff with Tilt=deq,
Flap=75 deg

The takeoff distance is 1002 ft. The reason for
this increase in takeoff distance is not obviocus,
angd {s not due to a longer acceleration distance,
as one weuid except. The rotation speed, the
liftoff speed, and the acceleration distance are
about the same for both cases. The transjent speeds
after 1lift-off and the final speeds are slightly
different., For the 4C deg flap angle case, the
speed shows a small overshoot beyond the final
value. During this phase, the climb rate i{s higher
than in the 75 deg flap angle case. In addition, a
slightly higher final speed gives & better climb
angle for the 40 deg flap conflguration. However,
the differences are small.

The next two figures show the optimized takeoff for
a nacelle tilt angle of 20 deg. Figure 29 presenis
a takeoff with a wing flap deflection of 4G degq,
while Figure 30 shows a takeoff with a flap deflec-
tion of 75 deg.

Evaluation of Figures 29 and 30 gives the following
results (values In brackets are for the flap angle
of 75 deg): The rotation speeds are 38 kts (40
kts), and the acceleration distances are 252 ft
(287 ft). The alrcraft {s airborne at 370 ft and 42
kts for both flap configurations. The 35 ft height

1500.0



{s cleared after 706 ft (744 ft} and the finai
speeds during the climb phase are 40 kis (42 kts).
The speeds are constant after the aircraft reaches
the 35 ft height. Once again, a flap angle of 40
deg is more advantageous. For the 40 deg flap case,
a shorter takeoff distance s reached by simply
reducing the speed from 42 kts to 40 kts during the
rotation phase. The final climb angle In both cases
is the same.
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Figure 30 Optimized Takeoff with Tilt=20 deg,
Flap=75 deg

The takeoff distances for a nacelle tilt angle of
2C deg are considerably shorter than the takeoff
distances for a tilt angie of 10 deg, since more of
the rotor thrust is used te accelerate the air-
¢raft. Although the minimum speed required for
horizontal flight is lower for a tilt angle of 20
deg compared to the minimum speed for the 10 deg
case, see Figure 16, the optimizer chooses & higher

e

&

rotation speed in order to take advantage of the
higher excess power, l.e., higher climb rates, at
higher speeds. The acceleratlon on the ground for a
tilt angle of 20 deg can be carried out up to a
rotation speed this high. The maximum speed, where
the main gear ¢lears the ground, is greater than 50
kts, see Figure 25,

Accaleration, while the aircraft {s on the ground,
is advantageous for two reasons. First, the favore
able ground effect {s utilized. Second, the takeoff
procedure 15 easier to perform. An additional
horizontal acceleration after lift-off would be of
interest only for the takeoff with a 10 deg tilt
angle where the aircraft is airborne at relative
low lift-off speeds. However, negative pitch angles
would be regquired, in order to achieve simijar
accelerations as for a nacelle tilt of 20 deg. The
rotation of the aircraft to a negative pitch
attitude after lift-off is rather unusual compared
to takeoff procedures of fixed wing aircraft. For
helicopters, similar maneuvers are used for the
so-called running takeoff.
the helicopter s accelerated paraliel
ground using negative pitch angles,

Buring this maneuver,
to the

If these maneuvers are excluded for a civil tilt
rotor aircraft, the takeoff with 20 deg tilt angle
{s of clear advantage. Since a high acceleration
capabitity is important, a further increase of the
naceile tiit angle could be advantagecus. Therefo-
re, a nacelle tilt angle of 30 deg was investiga-
ted, Figures 31 and 32 show the optimized takeoff

maneuvers for a 30 deg tilt angle. Wing flap
deflections of 40 and 75 deg are used.
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The results in detail are (values for flap angle of
75 deg in brackets): The rotation of the ajircraft
starts at speeds of 36 kts (63 Kts) after reaching
a distance of 197 ft {602 ft). The }ift-off speeds
are 56 kts (BB kts) at the lift-off distances of
526 ft (801 f£). The 35 ft height (s cleared after
898 ft {1204 ft), and the final speeds for the
climb are 58 kts (65 kts).

The main limitation for takeoff at a nacelle angle
of 30 deg is the wing angle of attack. It has
already been mentioned in Section 4 that for this
tilt angle, level flight below 60 Xts {s not
possible because of wing stall. The limiting
forward speed where the wing stalls varies with
climb rate and cannot be determined easily. The
cptimization shows that the minimum forward speed
required to rotate the aifrcraft and to climb
without wing stall is still relative high. In
the case of ‘takeoff with 40 deg flap deflection,
the longitudinal control changes in two steps. The
first contrel Input at low speed {s too small to
rotate the aircraft. Rotation at this point would
lead to wing stall. The secend control input &t
higher speeds uses the maximum ailowable range. In
the case of takecoff with 75 deg flap angle, the
longitudinal control input is simpler. However, the
required takeoff distance is considerably longer.

In general it can be stated that takeoff with a
nacelle tilt angle of 30 deg higher
rotation and higher

requires
lift-off speeds due to wirg
stall limitations. rotation speeds
higher lift-off speeds lead to longer takeoff
distances. A flap deflection of 40 deg is in all
cases of advantage compared to the 75 deg flap
deflection, although the differences takeoff

Higher and

in

18300.0

g
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distance are small. The takeoff with a nacelle tilt
angle of 20 deg and a wing flap deflection of 40
deqg yields the shortest takeoff distance.

Before continuing the cptimization with two addi-
tiona! parameters, nacelle tilt angle and wing flap
deflection, only the naceile tilt was included as
parametar into the optimization process. However,
these optimizations did not result in takeoff
maneuvers, which were substantially different from
the previous optimized takeoff maneuvers with a
given nacelie tilt angle and given flap deflecticen,
Although different initial conditions were chosen,
the nacelle tilt angle <changed only slightly.
Considerable shorter takeoff were not obtained. The
configuration, wing flap defiection 40 deg and
nacelle tilt angle 20 deg, turned out t¢ be a
favorable configuration. This confirms the confl-
guration selected by HNASA for the XV-15 short
takeoff flight tests. It {s known to the author
that NASA did some plloted simulations on the
YMS at NASA Ames to gain experience in performing
short takeoff maneuvers with the X¥-15, These
simulations have been carried out prior to the
flight testing. However, no report about this
simulation study exists.

6. Comparison with Flight Tests

-Since the short takeoff flight tests are performed

for one configuration, a nacelle tilt of 20 deg and
a flap defiection of 40 deg, only the optimai
takeoff from Figure 29 can be compared with test
data. Figure 33 shows the takeoff dlstances from
flight tests versus lift-off speeds (same figure 7as
Figure 2).
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The simulated 1i{ft-off speed for this configquration
is 42 kts and the final speed during the climb is
40 kts. The simulation result Is shown in the
diagram at a speed of 42 kts. It has to be noted
that the &irspeed measurement during the flight
tests was not very accurate. Also, the speed varies

during the climb. Therefore, a speed range could

rather be chosen instead cof one specific speed
value.

The calculated takeoff distance s within the
scattering of the flight tests. However, the

simulated takeoff {s an optlmal takeoff giving the
shortest takeoff distance. As can be seen {n Figure
33, the XV-15 (s capable of performing the takeoff
at lift-off speeds down to 25 kts, i.e., considera-
ble shorter takeoff distances can be reached, The
takeoff at lift-off speeds of 25 kts could not be
achieved by the simulation. A simple consideration
yields that simulated takeoffs at these low speeds
can not be carried out. Figure 16 shows that for
the given OEI power available the level flight 0GE
can be performed at about 30 kts. A forward climb
with climb rates of about 10 ft/se¢, similar to
climb rates of the flight tests, is only possible
at even higher speeds of the magnitude of 35 kis.
[t appears that the GTR simulation still
deficiencies in calculating power required QGE in
the low speed regime. Although the modifications,
already made to the code, censiderably reduced the
power required fn forward flight, the calculated
power is stii] too high.

has

7. Conclusions

A simulation study was conducted to evaluate the
short takeoff capabilities of the XV-15 tilt rotor
atrcraft. Different takeoff configurations with
varying nacelle tilt angle and wing flap deflectlon
were investigated wusing the generic tilt rotor
simulation (GTRS). An optimization of the takeoff
was performed wminimizing the required takeoff
distance.

First, the takeoff related performance in the low
forward speed regime was investigated. After
discovering deficiencies in the performance calcuy-
fation of GYRS and correcting the calculation of
the rotor-induced velocity, the power required for
forward flight changed considerably. To match hover
power requireg from flight tests, new preofile drag
coefficients for the rotor blades were estimated.
In addition, the wing-pylen drag coefficients bhad

n30

-The horizontal accelerations

to be changed to obtain a reascnable download
hover flight. Since no flight test data
available for low forward speeds, the accuracy of
the performance calcutation could not directly be
determined. the comparison of simulated
takeoff maneuvers with takeoff maneuvers
flight tests showed that calculated power required
is still overpredicted.

in
were

However,
from

Although the calculated performance of GTRS might
not represent the XV-15 performance in the low
speed regime with high accuracy, the simulation
takes [nto account the major aerodynamic effects
that influence the power required of a typical tilt
rotor aircraft. The variation of calculated power
required with parameters, such gross weight,
forward speed, IGE conditions, wing flap deflec-
tion, and nacelle tilt angle was presented.

as

Second, the optimization of a short takeoff maneuw
ver was performed. [t turned out that a takeoff
with a nacelle angle of about 20 deg and a flap
deflection of 40 deg yields the shortest takeoff
distance. Takeoffs with a nacelle tiit of 10 deg
and a nacelle tilt of 30 deg require considerably
higher takeoff distances because of different
reasons, The 10 deg til{ case yields long accelera-
tion distances, since only 2 small part of the
rotor thrust s used to accelerate the ajrcraft.
in the 30 deg tilt
case are higher, but the aircraft has to be accele-
rated to higher speeds in order to not violate
limitations imposed by wing stall.

The influence of the flap deflection on the takeoff
distance is small. A flap deflection of 40 deg is
advantageous compared to a flap deflection of 75
deq. The calculated takeoff distance at a lift-off
speed of about 40 kts {s in the range of the
takeoff distances observed in flight tests. A
takeoff at lift-off speeds of 25 kts could not be
achieved by the simulated takeoff maneuvers. As
already mentioned, the reascn is the caiculation of
power required OGE, which is still to high.

The most important requirement for the simuiation
of takeoff maneuvers is the reliable calculation of
power raquired and power davailable. The GTRS model
has still deficlencies in calculating power requi-
red {n the lew forward flight regime., Therefore,
further improvement of GYRS inm this area should be
the next major step hefore using the ceode for
continuing takeoff studies. Bell and NASA are
planning flight tests in the iow speed flight



regime, These tests were initiated by Sam Ferguson,
after he was {nformed about the resuits of GTRS for
low speeds. Additional flight test data will be
very helpful in {mproving the performance calcula-
tion of GTRS.

Wwhen a reliable performance calcuiation in the low
speed regime is achieved, it is recommended to
reevaluate the short takeoff procedure using a
piloted simulaticen. The main advantage of the
piloted simuiation is that the experience of test
pilots can be used to find optimal takeoff maneu-~
vers faster. In addition, the human bebavior can be
incorporated in this study. This way, optimal
takeoff procedures can be found, which take aiso
into account the pilot workload. Furthermore, the
real environment, such as terminal conditions etc.,
can be included in the simulation task.
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